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Prior work has shown that ammonia is a promisiaggportation fuel and fuel component for
internal combustion engirfeand fuel cell& More specifically, prior work at Sandia National
Laboratorie§ has identified the following advantages:

1) “It is practical to store energy at much higensity in an ammonia as
against a hydrogen-storage system?”;

2) “Ammonia, like hydrogen, is carbon-free, andnaomia production is a well-
established, economical technology (with Haber-Bagmthesis about 60% energy efficient)”;
3) “Closest to realization, for ammonia-fuelech8portation, are efficient, clean,

internal combustion engines”;

4) “In spark-ignition mode, ammonia has high oetéhl10-130). It has also shown
promise in assisted diesel (Army research) anamdygeneous charge compression ignition
(HCCI) combustion (van Blarigan, Sandia)”;

5) “Alternatively, one can use modest amounts ainamia as a source for on-boardtbl
improve the efficiency of spark ignition engineafid

6) “Adding small amounts of Ho a lean gasoline-air mixture extends the flamiitgbi
limit of the mixture. This allows higher compressiratios (higher efficiency), colder combustion
temperatures (lower N@roduction), and lower throttle losses (higheradincy; Hydrogen-
Enhanced Combustion Engine).”

But the Sandia reference also states that ammeradransportation fuel has been limited by
several factors. One factor is “that ammonia dragknits capable of supplying the ultra-pure
hydrogen needed by PEM fuel cells are too bulky,ieavy and run at too high temperatute.”
Another “important, indeed unavoidable, area oéagsh is on how to make the use ofdNH
acceptably safe without giving up too much of dsantage as a high energy density matefial.”

However, both of these negative factors have bddreased and largely overcome. It is true that
PEM fuel cells, which are the DOE and industry ckocertainly do need pure H2. For H2
produced by reforming of NH3, clean-up of any raaid\NH3 in the H2 to negligible levels is not
a significant technical challenge. And, if refonmiis problematic, pure H2 can be delivered by
electrolysis. And it is now also true that NH3 can be delived@gctly to an ammonia fuel cell
(non-PEM) as described in many of the referencendnote “b” below. And although the NH3
safety challenge has not been fully overcome f@4@mmonia storage, it's not as bad as some
folks would believé.

A new method of storing initially small amountsashmonia has also been able to fully overcome
the major “indeed unavoidable,” safety issues Isgalving ammonia in hydrocarbon fuel
mixtures. Specifically, initial ammonia concenioats would be under 1% in hydrocarbon-based
fuels for vehicles powered primarily by internahdoustion (IC) engines, either gasoline (spark
ignition) or diesel (compression ignition) engin&dhis avoids separate, pressurized ammonia
tanks, replacing them with ammonia dissolved prilpan ethanol-diesel and ethanol-gasoline
mixtures in concentrations substantially less tif&n5-10% ammonia concentrations in common
window and household cleanérsSafety has also been shown by the following:

« Ammonia is substantially soluble in alcohols inéhglethanol;’ ¢!
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e Public and proprietary SY-Will Engineering datawisaammonia soluble in several
hydrocarbon fuels using an alcohol-based co-solpadkagé’ " °

« Animal studies have shown limited effects of amnaaati concentrations under 1%;

« OSHA Standard for ammonia in the workplace is 5@ fgenerally more than the
concentration range where ammonia odors are dbteftand

» 17.5% ammonia (dissolved in ethyl alcohol) is uasé medical inhalafit.

In stark contrast to on-board liquid or gaseoustgen storage, dissolving small amounts of
ammonia in hydrocarbon-alcohol fuels eliminatessakety hazards inherent in the separate on-
board pressurized ammonia contained within tankispgping systems. Dissolving small amount
of ammonia also eliminates the inherent safety fuszia the separate storage and handling of
pressurized ammonia or hydrogen in the fuel distiitm and refilling infrastructurés

In addition to making small concentrations of ammaafe and gainingLL of the above-quoted
advantages documented by Sandia National Laboeata@dding ammonia to diesel-ethanol or
gasoline-ethanol fuel mixtures allows still furtfagtvantages. These include:
» Even lower NOx emissions since a portion of the amia:component can be easily
stripped off and injected into the exhaust gasekamatically reduce NOx emissiohs)’
« No new exhaust emissions since ammonia is alreadyrgonent of IC engine exhausts;
» Small evaporative ammonia emissions can be coeattdly existing on-board and/or other
existing evaporative emission contréland
* In addition to the ethanol component, ammonia ¢sm lae derived from coal or renewable
stocks’

In summary, on-board ammonia cracking units anetgafoncerns with separate on-board
ammonia storage are no longer the stumbling blexkise further development of ammonia
and/or ammonia component fuels. Fuel cells thaicty use ammonia have been proven and
PEM hydrogen fuel cells can be supplied, if neagssey hydrogen produced by electrolysis.
Safe handling and storage of ammonia has been simokarm Belt with 15-20 million tons of
NH3 delivered annually with an outstanding safetyord. In addition, a safe record in vehicles
has been shown during WW2 in Belgidm.

Even more so, the major “unavoidable” safety ishage been shown to IB&JLLY avoided for
small ammonia concentrations dissolved in hydramarfioel mixtures for vehicles powered by IC
engines. These fuel mixtures not only eliminategbparate ammonia on-board and distribution
storage and handling risks, but provide added ltsnstich as improving fuel economy and
drastically reducing NOx emissions, e.g., to me&R8’s 2010 NOx regulations for heavy duty
trucks. Initially dissolving small concentratioosammonia in hydrocarbon fuel mixtures for
existing vehicles provides substantial immediate @vst-effective benefits while also serving as a
transition to higher concentrations of ammoniaydrbcarbon fuel mixtures and finally to fuel

cell vehicles directly powered by 100% ammonia.
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